Parents often face a trade-off between the quality and quantity of young produced because terminating investment in current young could result in lower survival and future reproductive success, whereas initiating new breeding attempts could result in greater production of young. In cooperatively breeding species, helpers may alleviate this trade-off by assuming the role of primary caregivers to first broods, liberating breeders to initiate subsequent breeding attempts without compromising the level of care offspring receive. Here, we investigate the occurrence and consequences of brood overlap in the cooperatively breeding pied babbler (Turdoides bicolor). Brood overlap occurred only in groups and resulted in breeders primarily investing in second broods while helpers continued to provide care to first broods, resulting in dependent young from overlapping broods being raised simultaneously. Interbrood partitioning of care during brood overlap resulted in a greater production of young per season in groups (cf., pairs) without any effect on offspring survival, thus representing a reproductive benefit of task partitioning in cooperatively breeding species.
Parents often face a trade-off between the quality and quantity of young produced because terminating investment in current young could result in lower survival and future reproductive success, whereas initiating new breeding attempts could result in greater production of young. In cooperatively breeding species, helpers may alleviate this trade-off by assuming the role of primary caregivers to first broods, liberating breeders to initiate subsequent breeding attempts without compromising the level of care offspring receive. Here, we investigate the occurrence and consequences of brood overlap in the cooperatively breeding pied babbler (Turdoides bicolor). Brood overlap occurred only in groups and resulted in breeders primarily investing in second broods while helpers continued to provide care to first broods, resulting in dependent young from overlapping broods being raised simultaneously. Interbrood partitioning of care during brood overlap resulted in a greater production of young per season in groups (cf., pairs) without any effect on offspring survival, thus representing a reproductive benefit of task partitioning in cooperatively breeding species. Key words: brood overlap, interbrood division, pied babblers, provisioning behavior, reproductive success. [Behav Ecol 19:1136 -1142 (2008 W hereas environmental and phenotypic influences have been found to strongly influence reproductive success (Clutton-Brock 1988) , the number of young that breeding individuals can produce per season is often limited by the amount of time it takes for young to become independent (Burley 1980; Verhulst et al. 1997) . In multiple breeders (species that invest in more than 1 brood per breeding season), parents may trade-off investment in first-brood young against investment in subsequent broods. However, a decline in parental investment can be detrimental to young (Lycett et al. 1998) , with Smith and Fretwell (1974) suggesting that offspring fitness is directly related to parental investment. This concept of the life-history trade-off between the quality and quantity of young produced has received considerable support, strengthened by recent evidence of long-term monitoring of offspring fitness (Gillespie et al. 2008) . Among bird populations, there is evidence for highly variable periods of parental investment (Vega 2005; Ridley and Raihani 2007a) . For example, in the Seychelles fody (Foudia sechellarum), fledglings received care for up to 4 months if they were the only brood of the season but only 2 months if parents invested in subsequent broods (Vega 2005) . Such a large decline in the length of care received can have negative consequences for young, both in the short and long-term (Verhulst et al. 1997; Raihani 2007a, Russell et al. 2007 ). Consequently, the optimal interbrood interval should be determined primarily by the trade-off between the benefits of continued investment in first broods and the initiation of new breeding attempts.
Perhaps due to the high cost of simultaneously provisioning multiple broods, brood overlap (where dependent young from different-aged broods are raised simultaneously) is relatively rare among birds (Møller 2007) . Although there are several cases where provisioning of the first brood occurs simultaneously with incubation of a second brood (e.g., Burley 1980; Weatherhead and McRae 1990; Verhulst and Hut 1996) , there are very few cases of simultaneous provisioning to multiple broods laid by the same breeding pair. However, in cooperatively breeding species, where multiple adults help to raise young, the cost of investing in overlapping broods is likely to be much lower than for species with biparental care. This is because helpers can lighten the load for breeders (Crick 1992) , allowing them to invest in second broods sooner than they would otherwise be able. For example, Langen and Vehrencamp (1999) found that helpers in the white-throated magpie-jay (Calocitta formosa) became the primary caregivers of the first brood, allowing the breeding pair to reduce their provisioning effort and initiate a second brood before the first brood were nutritionally independent. Similar patterns have been observed in other cooperatively breeding bird species (e.g., splendid fairy-wrens, Malurus splendens, Russell and Rowley 1988; apostlebirds, Struthidea cinerea, Woxvold and Magrath 2005) and may be considered a form of interbrood division of labor among adult group members.
Because the duration of the breeding season often determines the number and quality of clutches that can be produced (Burley 1980; Smith et al. 1989; Shutler et al. 2006; Møller 2007) , interbrood division may be the best strategy to maximize reproductive output without affecting offspring survival and fitness in cooperatively breeding species. With multiple adults available to care for young, dividing care of different broods between subsets of adults could allow for shorter interclutch intervals and greater annual reproductive output. Task partitioning, where individuals within a social group perform different tasks, is considered to be of paramount importance in explaining the reproductive success of eusocial insects (Wilson 1971) . In these species, the capacity for concurrent operations (through specialized worker roles) facilitates greater productivity (reviewed in Bourke and Franks 1995) . We suggest that similar interbrood task partitioning may occur in cooperatively breeding vertebrates, allowing greater reproductive output without compromising the level of care offspring receive (cf., biparental species).
In this paper, we investigate the occurrence of brood overlap and the consequences for offspring survival in the cooperatively breeding pied babbler (Turdoides bicolor), a medium-sized (75-95 g) sexually monomorphic passerine. Young receive an extended period of postfledging care in this species (up to 4 months postfledging, Ridley and Raihani 2007a) and second broods are commonly initiated while first broods are still completely nutritionally dependent. The purpose of this study was 3-fold. First, we asked whether the presence of helpers shortened the interclutch interval. Second, we asked whether the occurrence of overlapping broods affected patterns of provisioning behavior among adults. Finally, we asked whether the occurrence of overlapping broods affected offspring survival.
MATERIALS AND METHODS

Study site and description
Data were collected from October 2003 to December 2007 at the Kuruman River Reserve in the southern Kalahari desert, South Africa (26°58#S, 21°49#E). The study area is semiarid grassland and acacia savanna, with an average annual rainfall of 217 mm (for a detailed site description, see Raihani and Ridley 2007a) . All pied babblers at the study site were individually recognizable using a unique combination of colored rings and were habituated to observation from a distance of approximately 2-3 m (for details of the habituation process, see Ridley and Raihani 2007b) . The number of fully habituated groups present in the study population varied, averaging 11.2 6 2.1 (standard error, range 7-14) groups per year.
Pied babbler groups typically comprise a dominant breeding pair (identified by aggressive, courtship, and mating behaviors) and several nonbreeding adults (individuals greater than 12 months old) that help to raise the young of the dominant pair, with a mean group size of 4.2 6 0.3 (range 3-12) adults. Subordinates are primarily retained young of the dominant pair, but in some cases, adults immigrate into groups as subordinate helpers (on average less than 5% of helpers per year are nonnatal). Helpers can be both male and female (average annual helper male:female sex ratio 1:2.63). Pairs attempting to breed without helpers comprise a very small proportion of the population (mean: 7.3 6 1.1% of adults per year, accounting for 10/181 breeding events observed over the duration of the study period). Breeding activity (defined as nest building, incubation, or provisioning young) occurs during the hot, rainy season (typically September-March), although breeding is occasionally observed until May (,5% of all breeding attempts). During each breeding attempt, a clutch of 2-5 eggs (mean 2.7 6 0.3) are laid and incubated for 13-15 days. Posthatching, young remain in the nest for 16.4 6 0.1 days (range 13-19, Raihani and Ridley 2007b) . Postfledging, young remain nutritionally dependent on adult group members for an extended period (58.9 6 1.9 days, range 41-99, Ridley and Raihani 2007a) . Groups can have up to 3 (mean: 1.25 6 0.15) successful breeding attempts (where at least 1 fledgling per brood reaches nutritional independence) per breeding season.
Data collection
Behavioral data
Each group was visited 3 times per week during the breeding season for at least 3 h per observation session (n ¼ 2870.5 observation hours), and all behavioral activities were recorded ad libitum (Altmann 1974) . Nests were checked daily to determine exact incubation, hatching, and fledging dates. During each observation session, the size and number of all food items delivered by all adults to all offspring were recorded using a handheld data logger. All food items were divided into 4 size classes (for size classification, see Raihani and Ridley 2007a) . Size classes were converted into biomass values (grams) by weighing 50 prey items representative of each class. The average biomass that each adult provisioned to each brood per hour was calculated as the sum of the number of prey items in each size class multiplied by the average weight of that class, divided by the number of observation hours. The body mass (grams) of each group member was measured by enticing individuals to stand on a top-pan balance for a small food reward at first light (before foraging had begun).
Sexing
Because it is not possible to determine sex from external characteristics in this species, small blood samples (50 lL) were collected from adults via brachial venipuncture. Nuclear DNA was extracted and polymerase chain reaction-based molecular sex determinations were conducted using the method described in Radford and Ridley (2006) .
Rainfall data
Rainfall data were collected daily from the weather station located in the Kuruman River Reserve. Rainfall (millimeters) was summed to give the total amount of rainfall that fell in the 2 months prior to the event of interest. We considered 2 months as the appropriate time period to indicate food availability because there is commonly a protracted period of time between rainfall and increased insect abundance (Cumming and Bernard 1997) .
Analysis
Interclutch interval
The interclutch interval was measured as the number of days between fledging of the first brood and incubation of the second brood. Analysis was confined to first broods that hatched within the first 2 months of the breeding season (mid-September to mid-November) to avoid seasonal effects influencing the likelihood of renesting. Data were restricted to instances where young from the first brood survived to nutritional independence (defined as the point when young are no longer provisioned by adults and are able to self-forage, Ridley and Raihani 2007a) to avoid the influence of nest failure on time to renesting. The effects of group size (number of adults), brood size (number of fledglings in the first brood), breeding female body mass (average body mass at dawn in the 2 weeks prior to egg laying), and rainfall in the 2 months prior to incubation (millimeters) were included as potential explanatory terms in a linear mixed model (LMM) with a normal distribution of errors and an identity link function. Group identity was included as a random term. Data come from 37 second-brood attempts by 12 groups (range 1-6 second-brood attempts per group over the study period, average 2.7 6 0.4). The best-fit model was determined using the statistical concept of model selection using maximum likelihood estimation in the program MLwiN (v 2.02, Centre for Multi-Level Modelling, University of Bristol, UK). Using the Akaike's information criteria for small data sets (AICc) approach (Burnham and Anderson 2002) , a series of models were tested, with each model representing a biological hypothesis. First, we tested a basic model including only the constant, the random terms, and the residual variance. In subsequent models, we used the conservative approach of adding one explanatory term at a time to the basic model. If more than one term received considerable support, another model investigating the terms together was generated. Akaike weights were calculated for each model. These indicate the relative support for each model in relation to the other models, with support increasing with the Akaike weight value (Burnham and Anderson 2002) . Overall, the model with the highest Akaike weight was considered the best model, but only significantly so if it differed from other candidate models by at least 2 AICc units. AIC and akaike weights for each candidate model are presented in Table 1 ; Wald statistics and P values for the best-fit models are presented in text. We used this method to determine the best-fit model for all subsequent analyses.
Brood overlap
We investigated the effect of brood overlap on adult provisioning behavior to first-brood young using data from 10 broods provisioned by 36 adults from 5 different groups. Data were restricted to instances where second broods hatched while first-brood fledglings were still entirely dependent on adults for food to eliminate the effects of fledgling age (and foraging independence) on provisioning behavior. The biomass delivered (grams per hour) to first-brood fledglings (whole brood combined) was calculated for each adult for 1) the 2-week period prior to overlap with a second brood and 2) the 2-week period after the second brood hatched and used as the response term. Observation times when adults were not available to provision fledglings (i.e., when they were nest building or incubating) were subtracted from the observation time used to calculate provisioning rates per hour for each adult. Broods that suffered losses due to predation or disease were excluded from analyses. Adult age (months posthatching), rank (breeder or helper), sex, weight (average body mass at dawn during the provisioning period), the presence of a next brood (present/ absent), brood size, group size, adult:fledgling ratio, and rainfall were included as predictors in the analysis. Group and adult identities were included as random terms.
We then investigated the factors determining adult investment in incubation of second broods while first-brood young were still nutritionally dependent. For each adult, the amount of time spent incubating per observation hour was calculated for the entire incubation period and used as the response term. Adult rank, sex, and provisioning rate (to first-brood fledglings), together with rainfall, group size, first-brood size, and adult:fledgling ratio, were included as predictor terms. Group and adult identity were included as random terms.
To determine whether changes in provisioning behavior to fledglings were a consequence of interbrood division of labor (where distinct subsets of adults provide care to different broods), rather than load lightening (where breeders lower their investment in the presence of helpers), we investigated the factors determining adult provisioning rates to secondbrood young. Data were restricted to second broods that hatched while the first brood was still nutritionally dependent and were restricted to the first 2 weeks posthatching. First broods that began to forage independently during this period were eliminated from analyses. For each adult, the amount of food provisioned to nestlings per hour was calculated for the entire 2-week period and used as the response term. Rainfall, group size, nestling brood size, adult rank, sex, adult:fledgling ratio, and amount fed per hour to fledglings (averaged for each adult for the 2 weeks posthatching of the second brood) were included as predictor terms. Group and adult identity were included as random terms.
Offspring survival effects To determine whether groups were able to raise more young per season than pairs, we looked at the effect of helper presence on reproductive output. The total number of broods produced by each group or pair per breeding season in which at least 1 young reached nutritional independence was specified as the response term. Group type (pair or group) and rainfall (averaged over the entire breeding season) were included as predictor terms, and group identity was included as a random term. Analysis was conducted on 40 broods that hatched from 17 groups or pairs over 4 breeding seasons. To determine whether brood overlap affected offspring survival, we used a Cox's proportional hazards regression. We investigated survival over the period from fledging until individuals reached adulthood (1 year postfledging). Individuals still alive after this point were considered censored data. The response variable was the number of days postfledging that an individual survived, and the potential explanatory terms tested were group size, brood size (at time of fledgling), and brood overlap during dependent stage (yes/no). Analysis was conducted using a backward elimination process until only those terms that explained a significant amount of variation in survival were retained.
RESULTS
After successfully fledging a first brood, pairs never attempted to renest again that breeding season, whereas, groups always attempted to renest if the first brood successfully fledged (pairs ¼ 0/5 renests, groups ¼ 25/25 renests, Fisher's Exact test, P , 0.001). Interclutch interval was significantly shorter in larger groups (Figure 1 , Table 1 ) and in groups with a smaller number of Analysis was conducted on 37 second-brood attempts by 12 groups. The table lists all candidate models tested (see Materials and methods for description of predictor terms). The basic model included the constant, the random term (group identity), and residual variance (r 2 ). Deviance portrays the 22 log-likelihood output of each model. K is the number of parameters estimated in each model. AICc is for a small data set, which assesses the parsimony of each model. DAICc is the difference between that particular model and the one defined as the best model (in bold) for this set of models. Akaike weight indicates the relative support for each model in relation to the other models. GS, group size; BS, brood size.
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Behavioral Ecology fledglings surviving from the first brood (LMM: v 2 ¼ 6.34, P ¼ 0.020). Second broods were initiated while first broods were still nutritionally dependent relatively frequently (65% of all second broods initiated). However, owing to the high levels of nest predation experienced by this species (37% of all nests predated at the nestling stage, Raihani and Ridley 2007b) , the occurrence of simultaneous provisioning to multiple broods comprised only 13.5% of all breeding attempts.
First-brood young received less food per hour from each adult in groups with a high adult:fledgling ratio (Table 2; LMM: v 2 ¼ 41.13, P , 0.001). There was no difference between breeders and helpers in the amount of food delivered to first-brood young when there was no brood overlap. However, breeders were the primary investors in the initiation of a second brood while a first brood was still nutritionally dependent and fed first-brood young at a significantly lower rate during this time period (Table 2, Figure 2 ; LMM: v 2 ¼ 9.71, P ¼ 0.002). Nest building took an average 6.6 6 0.7 days from initiation to completion (range 3-13 days). Of 1728 observations of nest-building behavior, only 0.8 6 0.2% involved helpers. In addition, breeders were the primary incubators of the second brood (Table 3 ; LMM: v 2 ¼ 46.89, P , 0.001), undertaking more than 85.1 6 1.2% of all incubation events observed. The more time spent incubating the second brood the less time breeders spent provisioning first-brood young (Table 3, Figure 3 ). While nest building and incubating, individuals were unable to provision fledglings (these behaviors were mutually exclusive because the foraging group was usually separated from the nest area by a considerable distance). Instead, helpers became the primary provisioners of first-brood fledglings while a second brood was incubated (Table 3, Figure 3 ; breeders: 0.22 g/h, helpers: 0.91 g/h; LMM: v 2 ¼ 18.47, P , 0.001). The age of first-brood fledglings also influenced individual contributions to second-brood incubation, with incubation occurring less often when first-brood fledglings were very young (Table 3; LMM: v 2 ¼ 17.26, P , 0.001). After a second brood hatched, there was a large decline in the amount of food delivered to the first brood by breeders The table lists all candidate models tested (see Materials and methods for description of predictor terms). Analysis was conducted on 580.8 observation hours of provisioning by 36 adults to 10 broods from 5 groups. Group and adult identity were included as random terms. The model selected as the best predictor is highlighted in bold. Table 1 .
Figure 2
The biomass fed (grams per hour) by breeders versus helpers to firstbrood fledglings in relation to brood overlap. Mean 6 standard errors are generated from the predictions of the model with the highest Akaike weight presented in Table 2 .
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( Figure 2 ). This decline does not reflect a decline in effort by breeders because they instead became the primary provisioners of the second brood (Table 4 ; LMM: v 2 ¼ 4.47, P ¼ 0.039) feeding second-brood nestlings at almost twice the rate of helpers (breeders: 0.32 6 0.5 g/h, helpers: 0.19 6 0.06 g/h). Unlike breeders, helpers continued to provision first-brood young at a similar rate as prior the second brood hatching (Figure 2 ). This resulted in significant brood overlap, with 2 broods being fed simultaneously by different subsets of adults within the same group.
Interbrood division among adults resulted in reproductive benefits: groups were not only able to raise more young to independence than pairs per season (groups: 2.59 6 0.56, pairs: 0.67 6 0.22) but also able to successfully raise more broods (average number of broods with at least 1 young surviving to independence per season: groups ¼ 1.27 6 0.14; pairs ¼ 0.56 6 0.18; v 2 ¼ 11.19, P , 0.001). Young did not appear to suffer increased mortality from the presence of overlapping broods: there was no difference in the survival of young from independent broods compared with those from overlapping broods (Cox's proportional hazards regression: v 2 ¼ 0.72 1,114, P ¼ 0.40; Figure 4) .
DISCUSSION
Brood overlap, where 2 nutritionally dependent broods are being provisioned simultaneously, may resolve the trade-off between terminating investment in first broods and the initiation of subsequent broods. In pied babblers, brood overlap results in the production of more broods per season by groups than pairs. Groups always initiated a second brood if the first brood survived. In contrast, pairs never initiated a second brood if the first survived. This is presumably because either 1) pairs may be birds of lower quality or inhabit territories of lower quality than breeders in cooperative groups and therefore do not have sufficient resources to raise more young or 2) pairs cannot terminate investment in the first brood while they are still dependent, as without helpers to feed them offspring would likely starve. The latter is recognized as one of the major constraints on reproductive output in multiple breeding species with biparental care (Smith and Fretwell 1974; Kluyver et al. 1977; Burley 1980) . Brood overlap may be a better solution to raising more young than females simply laying more eggs in a single clutch because 1) multiple clutches may spread the predation risk, 2) there is a limit on the number of eggs that can be successfully incubated (Monaghan and Nager 1997) , and 3) in species where the number of helpers present is unpredictable due to dispersal dynamics, large clutches may be a risky strategy.
Successful brood overlap in pied babblers is not achieved by more adults feeding young indiscriminately but by the occurrence of task partitioning, with different subsets of adults providing care for different broods. In this species, breeders divert investment to second-brood young, whereas helpers continue to provide care for the first brood, similar to the behavior observed in the cooperatively breeding white-throated magpie-jay (Langen and Vehrencamp 1999) . This behavior does not appear to be costly to first-brood young, with no effect of brood overlap on the probability of offspring survival to adulthood. Table 3 .
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Thus interbrood division may allow first-brood young to still receive the benefits of extended postfledging care (Heinsohn 1991; Ridley and Raihani 2007a) even after a second brood has hatched. Interbrood division may not only allow groups to raise more young per season but could also provide other benefits as well. By becoming the primary caregivers of the first brood, helpers may ''lighten the load'' for breeders (Crick 1992) . Previous research in the pied babbler and other species (Hanssen et al. 2005 ; reviewed in Linden and Møller 1989; Møller 2007) have found that the cost of current reproduction and breeder condition is an important determinant of investment in subsequent broods. Additionally, breeder condition has been shown to have important influences on longevity, immunocompetence, and future reproductive potential (Dijkstra et al. 1990; Deerenberg et al. 1997; Hanssen et al. 2005) . Thus, by transferring the care of first broods to helpers, task partitioning could allow breeders to invest in subsequent broods without a decline in breeder survival or condition. Further work is required to determine the long-term effects of group size and interbrood division on breeder longevity and fitness in the pied babbler.
Although there is considerable evidence that group size can provide reproductive benefits, most benefits have been measured in terms of provisioning rates and predator vigilance (reviewed in Dickinson and Hatchwell 2004) . However, the results presented here suggest that the occurrence of task partitioning may influence reproductive output. Task partitioning, where individuals within a social group perform different tasks, is considered to be of paramount importance in explaining the reproductive success of eusocial insects (Wilson 1971) . In these species, the presence of distinct worker castes allows overlapping generations of young to be cared for simultaneously (reviewed in Bourke and Franks 1995) . In pied babblers, by dividing care of overlapping broods between subsets of adults, groups have shorter interclutch intervals and are able to successfully raise more broods per season than pairs and this appears analogous to the efficiency of worker castes in eusocial insects.
By contributing a significant proportion of the care provided to first-brood young, the presence of helpers was an important factor influencing the initiation of second clutches. What remains unclear is why this arrangement is apparently stable in this system. It is possible that 1) breeders may be better than helpers at caring for younger broods or 2) breeders limit helper access to the nest area to prevent egg dumping or infanticide, with several observations of egg eating by helpers (Ridley AR, Nelson-Flower MJ, unpublished data) supporting this possibility. It is also possible that helping activities (e.g., incubation vs. provisioning fledglings) vary in terms of costs. For example, in meerkats (Suricata suricatta), babysitting is more costly than social digging and is the activity that the dominant pair invests in least often (Clutton-Brock et al. 2004 ). Whether or not the different roles taken on by breeders and helpers vary in costs (in terms of effort and vulnerability to predation) remain to be determined for pied babblers. However, several previous studies have found large variations in the cost (Russell et al. 2003) and participation in different helping activities among group members (CluttonBrock et al. 2004; Arnold et al. 2005) , suggesting that this is a possible function of task partitioning that merits investigation. The table lists all candidate models tested (see Materials and methods for description of predictor terms). Group and adult identity were included as random terms. Analysis was conducted on 527 observation hours of provisioning by 36 adults to 10 broods from 5 groups. The model selected as the best predictor is highlighted in bold.
Figure 4
Kaplan-Meier estimates of the probability of fledglings surviving to adulthood (1 year postfledging) in relation to the occurrence of overlapping broods. Data were based on 64 young raised in nonoverlapping broods and 51 young raised in overlapping broods. 
